by activating distinct target genes, which direct L-R asymmetric morphogenesis. Alternatively, a common genetic target of Nodal and other left-sided TGF␤ molecules may mediate laterality decisions in all L-R asymmetric organs throughout the embryo. Identifying the targets of L-R asymmetric signaling is important because, despite recent advances in our understanding of how L-R signals are propagated during embryogenesis, little is currently known about the cellular changes that underlie asymmetric morphogenesis.
The isolation of genes responsible for human genetic disorders has led to the identification of many developmentally important genes. Rieger syndrome is a dominant disorder causing defects in the anterior chamber of the eye and dental hypoplasia, which mapped to a tor, initially called REIG (Semina et al., 1996) . This gene chick (cPitx2, this report), mouse (mPitx2, Genbank accession numwas also isolated in the context of its role in pituitary ber U80010), and human (hPITX2, Genbank accession number development and has been variously called Otlx2 (Muc-U69961). The characteristic paired-type homeodomain (underlined) chieli et al., 1997) , Brx1 (Kitamura et al., 1997) , and Pitx2 is 100% conserved between chick, mouse, and human. Outside the homeodomain a high degree of conservation (97%) is maintained (Gage and Camper, 1997) . As a presumed haploinsuffibetween the chick, mouse, and human sequences.
ciency phenotype, the affected tissues in Rieger syndrome may not be informative of the full range of developmental processes in which Pitx2 plays a role. Its 1998) and the other corresponding to the chick Pitx2 expression pattern in mice includes the craniofacial re-(formerly known as Pitx2) (Kitamura et al., 1997) . Within gion, consistent with the Rieger phenotype, limbs, and the paired-type homeodomain, the chicken Pitx2 gene anterior CNS late in development, but its early expresshows 100% identity to the mouse and human Pitx2 sion profile has not been previously described. gene at the amino acid level, and overall the similarity We show here that Pitx2 is expressed during early is 97% (Figure 1 and data not shown). chick development in the lateral plate mesoderm and that, strikingly, this expression is exclusively found on
Expression of Pitx2 during Early Chick Development the left side of this tissue. This expression is induced
Suggests a Role in L-R Specification in response to asymmetric signaling by Shh and Nodal,
The developmental expression pattern of Pitx2 was anaconsistent with Pitx2 playing a pivotal role in L-R morlyzed at a variety of stages by whole-mount in situ hyphogenesis. Unlike Nodal and Lefty, Pitx2 expression bridization. Several interesting domains of expression persists during organogenesis, encompassing the left could be observed. At stage 25 (Hamburger and Hamilbut not the right side of all the derivatives of the lateral ton, 1951), Pitx2 is expressed throughout the myogenic plate mesoderm that subsequently become asymmetpopulation of the somites, as well as in myoblasts that ric, including the heart and gut, and is also expressed have migrated into the limb buds (Figures 2A and 2B ), at elevated levels in the left splanchnopleura during emsuggesting that this transcription factor may play a role bryonic rotation. Moreover, misexpression studies of in regulating muscle-specific gene expression analoPitx2 show that it is capable of altering the situs of the gous to the role played by another paired-type homeoheart, gut, and embryonic rotation. Therefore, induction domain gene, Pax3 (Goulding et al., 1991) . of the transcription factor Pitx2 in organ primordia apIn addition to its expression in myoblasts, Pitx2 has pears to be a common response to asymmetric signala unique and intriguing pattern of expression suggestive ing, initiating the morphogenetic events that ultimately of an important role in the establishment of L-R asymmedirect the L-R specificity of body organs.
try. Beginning at stage 8, Pitx2 is expressed in a broad domain in the left lateral plate mesoderm but is completely absent from the equivalent cells on the right Results side ( Figure 2D ). At this stage, there is also prominent expression in the head region and in the extraembryonic Isolation of a Chick Pitx2 Gene Paired-type homeodomain proteins have been shown to endoderm (EE) without apparent L-R bias (Figures 2F and 2G, respectively) . During stages 9-10, the asymmetplay important roles in vertebrate development, ranging from patterning decisions (Matsuo et al., 1995; Ang et ric expression domain continues to encompass the entire left side lateral plate ( Figure 2E ). The timing and al., 1997) to cell-type specification (Furukawa et al., 1997) . To further explore the developmental functions location of this asymmetric domain are reminiscent of the expression pattern we previously observed for the of this interesting class of genes, we carried out a screen of a chick cDNA library for paired-type homeobox sesecreted protein Nodal during chick embryogenesis (Levin et al., 1995) , as well as that reported for the gene quences. Utilizing a probe generated by PCR based on the sequence of the murine paired-class gene Pitx1, we Lefty-2 in the mouse . To get a more accurate view of how the expression patterns of Nodal identified two distinct clones, one encoding the chick homolog of Pitx1 (formerly known as Ptx1) (Logan et al., and Pitx2 relate to one another, we carried out parallel is not yet asymmetric and is expressed bilaterally in the cephalic mesoderm (CM), (C) Pitx2 is induced in the left LPM at stage 8 (D) but remains bilaterally symmetric in the cephalic mesoderm and ectoderm (F). Through heart fusion stages, this expression pattern persists at which time expression is strongest in two distinct anterior and posterior domains (E). Pitx2 is also expressed bilaterally in the extraembryonic tissue (C-E). Expression outside of the embryo is restricted to the extraembryonic endoderm (EE) as shown in a section of a stage 8 embryo (G); note that the left-sided extraembryonic endoderm was lost during processing this example. The onset of Nodal expression precedes that of Pitx2, initiating in two discontinuous domains in the paraxial mesoderm and LPM adjacent to Hensen's node (H). The expression of Nodal expands throughout the LPM as Pitx2 expression is initiated (I), but then retracts caudally to a domain at the level of the tail bud, corresponding to the posterior domain of strong Pitx2 expression (J). whole-mount in situ hybridizations with each probe at 4D). While Pitx2 is not strictly unilateral in its expression in the lateral body wall, it is detected at a significantly a number of stages, carefully determined by somite number. We find that the onset of Pitx2 expression is higher level in the left body wall as the embryo rolls up and undergoes rotation ( Figure 4C ). delayed relative to that of Nodal ( Figures 2C and 2H ). Starting at stage 9, Nodal expression retracts caudally, until it is limited to a discrete domain left of the tail bud Pitx2 Expression Is Regulated by the Shh-Nodal Signaling Cascade ( Figure 2J ). At this stage Pitx2 expression is seen in two distinct lateral mesodermal domains; one throughout
The expression pattern of Pitx2 suggested that it might be regulated by the previously defined signals controlling most of the anterior lateral plate, and a second overlapping with Nodal adjacent to the tail bud ( Figure 2E ).
L-R asymmetry in the chick, Shh, and its downstream target Nodal (Levin et al., 1995 (Levin et al., , 1997 ; Pagan-Westphal These patterns are consistent with the diffusable factor encoded by Nodal acting upstream, to induce the exand Tabin, 1998). To test whether these upstream signals are necessary for Pitx2 induction, we took advanpression of Pitx2.
tage of a blocking monoclonal antibody directed against Shh protein, previously shown to interfere with Shh sigAsymmetric Expression of Pitx2 in Lateral Plate Mesoderm Derivatives naling in vivo and in vitro (Ericson et al., 1996) and to completely prevent downstream expression of Nodal Although Nodal is asymmetrically expressed in the early lateral plate, its expression disappears prior to morpho- (Pagan-Westphal and Tabin, 1998) . Beads soaked in this reagent were placed on the left side of Hensen's node genesis of most asymmetric organs. For example, it is never seen in the primitive gut mesoderm, and it is only at stage 5, the time when asymmetric signaling by Shh is initiated (Pagan-Westphal and Tabin, 1998) . Embryos transiently observed in the posterior-most part of the left-sided cardiac primordium at stage 8, prior to heart treated in this manner never express any detectable level of Pitx2 in the lateral plate mesoderm ( Figure 5B , tube fusion ( Figures 3A and 3B ). In contrast, Pitx2 is expressed throughout the left side of the heart tube n ϭ 6). Control antibodies delivered in a similar manner have no effect on Pitx2 expression ( Figure 5A ). throughout the process of heart looping and morphogenesis ( Figures 3C-3H ). Section in situ hybridizations
To test whether signaling downstream of Shh is sufficient to induce Pitx2 expression, a bead soaked in Shh reveal that this expression is limited to the myocardium of the heart tube ( Figures 3D and 3F ). Pitx2 is also exprotein was placed on the right side of Hensen's node at stage 5, resulting in bilateral exposure of the embryo pressed throughout the mesodermal layer of the left side of the entire primitive gut ( Figures 4A-4D ) and remains to Shh. This procedure has previously been shown to result in bilateral expression of Nodal (Levin et al., 1997). expressed in this domain during asymmetric morphogenesis of the stomach ( Figures 4A and 4B ) and the Similarly, we find that Shh protein application invariably leads to bilateral Pitx2 expression ( Figure 5C , n ϭ 7). budding of the various gut derivatives (Figures 4C and . Pitx2 is expressed in both the somatopleural and splanchnopleural mesodermal layers (B and C), but Pitx2 expression is strictly unilateral in the splanchnopleura, which contributes the visceral mesoderm to the gut (A-D). As the somatopleura forms, the ventral body wall Pitx2 is strongly expressed in the left side, while significantly weaker expression is detected on the right (C). Plus and minus signs indicate tissue expressing and not expressing Pitx2, respectively.
Shh acts indirectly, through a cascade of signals, to
Using a control retrovirus expressing the easily assayable green fluorescent protein (GFP), we found that uniinduce Nodal expression (Pagan-Westphal and Tabin, 1998) . In principle this pathway could diverge upstream laterally infecting the cardiac primordium at stage 4 (Figure 6A) in some cases results in infection of the entire of Pitx2 induction. To see whether Pitx2 is regulated by Nodal, we misexpressed Nodal directly on the right side injected side of the developing heart tube by the time of its fusion along the midline ( Figures 6B and 6C) . Control of the embryo by infecting with a replication-competent retrovirus engineered to express it (Levin et al., 1997) .
viruses had no effect on heart looping (n ϭ 34), even when the heart tube was completely infected. In conNodal misexpression results in ectopic expression of Pitx2 throughout the lateral plate ( Figure 5E , n ϭ 3/5).
trast, RCAS-Pitx2 virus produced a range of heart morphologies in similar infections (n ϭ 50). Nineteen emAlthough Nodal expression is initiated prior to that of Pitx2, it was also possible that Pitx2 might feed back to bryos were directly assayed for viral misexpression by in situ hybridization revealing significant variability in influence further expression of nodal. We constructed a replication-competent retroviral vector to express the our misexpression. Embryos with poorly infected hearts (for example, Figure 6D ) always resulted in normal, rightPitx2 gene (RCAS-Pitx2). Misexpression of Pitx2 on the right side of the embryo does not appear to induce looping heart tubes. In only 20% of the embryos assayed was the right cardiac tissue strongly infected with ectopic Nodal (n ϭ 6), nor does it seem to alter the normal expression domain of Nodal on the left (data not RCAS-Pitx2 (for example, Figure 6E ). However, in these examples we observed significant alterations in heart shown). Similarly, Pitx2 does not appear to alter the expression of cSnR1 (Isaac et al., 1997) , a gene normally looping. By extrapolating the percentages from this assay to the entire data set of injected embryos, we found in the right lateral plate mesoderm and repressed by Shh signaling on the left (data not shown).
could estimate the number that were poorly infected. After removing this estimated number from the total, the predominant morphology was bilaterally symmetric Pitx2 Regulates Asymmetric Morphogenesis of the Heart hearts that remained in the midline (63%, n ϭ 11; Figure  6F ). Equal numbers of the remaining hearts looped in We used the same RCAS-Pitx2 virus to directly test whether Pitx2 plays a role in L-R asymmetric patterning.
the reverse, leftward direction (18%, n ϭ 11; Figure 6F ) Using a protocol designed to target viral infection unilaterally to the it has no effect on expression in the cephalic mesoderm (B). Beads cardiac mesoderm, virus was injected into the right side of stage 4 soaked in Shh protein implanted to the right of Hensen's node results blastoderm in an area depicted in schematic (A). A retrovirus encodin bilateral expression of Pitx2 in the LPM at stage 8 (C). Infection ing GFP was targeted to this region; infection can be seen in dark of the right side of the embryo at stage 4 with a retrovirus expressing field at stage 8 throughout the right cardiac region as well as scatnodal also results in bilateral expression of Pitx2 in the LPM and tered elsewhere on the right side, in ventral view (B). The same developing heart tube (E). This is in contrast to embryos infected embryo in bright field confirms that the right heart tube is uniformly with an alkaline phosphatase virus, which showed no alteration in infected (C). A similar targeting of the Pitx2 virus resulted in a range the expression of Pitx2 (D). Embryos in (D) and (E) were harvested of infections, as detected by whole-mount in situ hybridization to a at later stages to allow sufficient spread of viral infection. Pitx2 viral-specific probe. Many embryos showed a very low level of infecexpression in the LPM is indicated by a plus sign, and lack of Pitx2 tion (D); however, 20% were heavily infected throughout the right expression is indicated by a minus sign.
side of the heart tube (E), as with the GFP virus. Note that the embryo in (E) has a reversed left-looped heart (shown in ventral view). The Pitx2 virus resulted in several distinct heart morphologies, including heart looped to the right, to the left, and apparently isomeric hearts or in the normal rightward direction (18%, n ϭ 11; Figure   that were bilaterally symmetrical and remained in the midline (F).
6F). These phenotypes are very similar to those seen the New culture conditions used in these experiments, tion of rotation can be noted by the direction the head curves (red carefully centering the embryo with respect to the glass arrows); the side to which the eyes are facing and the angle at which ring and eliminating from consideration any embryos the caudal heart meets the midline (pink arrows). The direction of body rotation following Pitx2 infection is independent of the directhat had grown to touch the side of the ring, embryos tion of heart looping (blue arrows).
never exhibit reversal in the normal direction of heart looping (Levin et al., 1995) . Moreover, hearts with the bilaterally symmetrical morphology have never been observed in our experiments under any culture conditions from perfectly normal-looking linear heart tubes at stage 10, and hence do not represent examples of cardia biother than following Nodal or Pitx2 misexpression.
The hearts we describe as bilaterally symmetric formed fida. One interpretation of the bilaterally asymmetric hearts is that they are left isomerisms, heart tubes that looped to the left or right ( Figure 6G ), as previously observed with Shh misexpression (Levin et al., 1997) . respond to the presence of bilateral Pitx2 protein by attempting to loop toward both directions at once. An alternative view would be that Pitx2 affects heart morPitx2 Affects Asymmetric Morphogenesis phogenesis but does not directly impart a left-sidedness of the Gut to the heart tube. In that view, the bilaterally symmetric Pitx2 is also expressed asymmetrically in the left but hearts would merely reflect aberrant growth in response not the right developing gut mesoderm. To test the role to Pitx2 misexpression. To verify that Pitx2 is capable of Pitx2 in gut development, we targeted the RCASof directing the situs of heart looping, we attempted to Pitx2 virus to the mesoderm on the right side of the block the endogenous Pitx2 expression on the left with embryo, derivatives of which give rise to the primitive the anti-Shh antibody while misexpressing Pitx2 on the gut tube. The gastrointestinal (GI) tract undergoes L-R right by viral infection. If Pitx2 were indeed responsible morphogenesis later than heart looping and embryonic for directing heart situs, such a protocol should result rotation, and embryos do not survive long enough to in reversals in heart looping, and, more importantly, in observe gut situs in New culture, the method used in the absence of confounding bilateral expression of Pitx2 experiments on heart looping and embryonic rotation. no bilaterally symmetric hearts should result.
Infections were therefore done in ovo between stages The efficiency of application and delivery of the anti-7-9. Using such a protocol, it was possible to target the Shh antibody was significantly lower in this experiment right side of the gut tube; however, it was difficult to than in those described above, because in recovering obtain a broad domain of viral misexpression prior to from the viral infection of the cardiac primordium, a layer morphogenesis, as verified by whole-mount in situ hyof liquid forms over the embryo in New culture, which bridization with a probe for RCAS (data not shown). destabilizes the bead. When the bead becomes disNonetheless, changes in the normal L-R asymmetries lodged it results in only a partial block of Shh signaling of the gut were observed. Of a total of 79 embryos and Pitx2 induction. Hence, in control experiments in injected in the foregut region with an RCAS-Pitx2 virus, which embryos were infected with a control (alkaline 6 embryos showed situs defects of the GI tract. Two phosphatase) virus and then treated with blocking antiembryos had a complete situs inversus of the foregut, body, only 7% (n ϭ 15) of the embryos formed hearts two additional embryos had stomachs with reversed that looped to the left (instead of the expected 50%).
situs, the proventricularis being located on the right side However, even though the effect of the anti-Shh antiof the stomach instead of the left side, and three embody was not complete, it was sufficient such that infecbryos (including one with a reversed stomach) had revertion with RCAS-Pitx2 followed by treatment with antisals in the situs of the crop (Figure 7 ). Since we saw Shh antibody resulted in no bilaterally symmetric hearts situs changes in only 7.6% (6/79) of the GI tracts, we and in a concomitant increase in the percent of embryos examined a large number of control embryos to be cerin which the heart looped to the left, compared to Pitx2 tain that the effect was specific to Pitx2 misexpression. infection alone. Pitx2 infection plus anti-Shh antibody Embryos infected with control viruses (e.g., RCAS-alkatreatment resulted in no bilaterally symmetric hearts and line phosphatase virus) using an identical injection pro-30% reversed looping, while in parallel experiments tocol showed no situs defects in any of the embryos Pitx2 infection without the anti-Shh antibody resulted in (n ϭ 245). Furthermore, we have never observed the 20% of the embryos having bilaterally symmetric hearts type of situs defects seen following Pitx2 misexpression and 5% with reversed looping (n ϭ 20 for each group, in uninfected embryos. p Ͻ 0.01 for the difference in outcomes plus or minus the antibody treament). Thus, in the absence of leftsided signaling downstream of Shh, right-sided misexDiscussion pression of Pitx2 is capable of fully reversing the direction of heart looping.
Pitx2 Is a Transcription Factor Asymmetrically Induced in the Embryonic Mesoderm
In attempts to understand the molecular control of Pitx2 Regulates Asymmetric Body Rotation In addition to its influence on the developing heart tube, asymmetric organ development, a number of L-R asymmetric genes have been described that are expressed the stronger expression of Pitx2 in the left-side body wall suggests that it could play a role in directing embryonic before any overt morphological sign of L-R asymmetry and are hence candidates for factors acting upstream in rotation. The chick embryo, like other vertebrates, normally undergoes a characteristic rotation to its right situs specification. However, expression of these genes disappears before organogenesis takes place, making ( Figure 6G ). Following RCAS-Pitx2 infection targeted to the right body wall, we observed a number of embryos it unlikely that they play direct roles during L-R organogenesis. that rotated to the left (10%, n ϭ 50; Figure 6G ). We never observed left-sided rotation in control-infected
We describe the expression and functional analysis of Pitx2, the first gene known to exhibit asymmetric embryos. While the percentage affected is significantly lower than the percentage effect on heart looping, we expression in developing organs as they undergo L-Rspecific morphogenesis. This striking expression patsuspect that this is due to a lower efficiency of fully infecting the entire lateral body wall. It could also inditern is highly suggestive of a role for Pitx2 during L-R specification. Moreover, the timing and location of Pitx2 cate that Ptix2 might be only one of the influences biasing the direction of body rotation. The direction of body expression in the left lateral plate mesoderm (LPM), just after the onset of Nodal expression, is consistent with rotation was independent of whether the heart tube Virus carrying Pitx2 was targeted at stage 10 in ovo to the right visceral mesoderm of the foregut and the resulting phenotypes examined at stage 27. This resulted in two cases of complete situs inversus of the foregut derivatives, including the orientation of the crop, proventricularis, and gizzard (A). The small intestine, which forms from the midgut, and more caudal regions, which were not infected, developed with normal situs. In other cases only single organs, such as the crop, showed reversed situs, while the rest of the GI tract appeared normal (B).
Pitx2 being regulated by the Shh-Nodal signaling casthe tail bud. Two similar domains of Nodal expression have previously been noted in Xenopus (Hyatt and Yost, cade that directs L-R asymmetry. Evidence in support of this view came from experimental alterations in the 1998). Interestingly, the posterior Pitx2 domain correlates with the late expression domain of nodal, which L-R signaling pathway. Ectopic Shh on the right side of Hensen's node gives rise to bilaterally symmetric exby this time has retracted caudally. This posterior domain may reflect a site where Pitx2 is actively induced pression of Pitx2, while abrogation of endogenous leftsided Shh signaling results in loss of Pitx2 expression by Nodal, while at the same stage Pitx2 expression is maintained in the anterior LPM in the absence of continin the LPM, demonstrating that Shh is both necessary and sufficient for the expression of Pitx2.
ued nodal signaling. The role of Shh, Nodal, and the related TGF␤ family member Lefty-2 in regulating Pitx2 Shh can thus induce both Nodal and Pitx2 expression. To test whether these were parallel pathways or whether expression has been independently shown by several laboratories in the chick, mouse, and frog (Campione et Pitx2 was in fact downstream of Nodal in a single pathway, we used a retrovirus expressing Nodal to infect al., unpublished data; Meno et al., 1998; Piedra et al., 1998; Ryan et al., 1998; St. Amand et al., 1998 ; Yoshioka the right-side LPM. This resulted in a duplication of the Pitx2 expression domain in the right LPM, implying that et al., 1998), suggesting that this aspect of L-R asymmetric signaling is widely conserved. a linear relationship exists between Shh, Nodal, and Pitx2 signaling during the establishment of L-R asymmetry. In reciprocal experiments, Pitx2 never induced ec-
Role of Pitx2 in Regulation of Organ Situs
We have misexpressed Pitx2 in the right side of the topic Nodal expression. Interestingly, Pitx2 is never induced in paraxial mesoderm of embryos exposed to the heart and gut primordia of the chick embryo. Rightsided misexpression of Pitx2 is sufficient to alter the Nodal-expressing virus, even though paraxial tissue is infected (data not shown). Therefore, there is a differsitus of the heart and stomach, as well as the direction of body rotation. The most common altered heart pheence between the cells in paraxial versus lateral plate mesoderm in their competence to respond to Nodal notype was bilaterally symmetrical hearts that never looped. This is what would be expected if the role of signaling. This is consistent with the observation that endogenous Pitx2 is not expressed in paraxial tissue Pitx2 were to direct heart looping, as right-sided infection with Pitx2 virus results in hearts containing Pitx2 in despite a small but strong normal left-sided domain of Nodal expression within this region ( Figures 2C and 2F) .
both left and right halves, which would then try to loop in opposite directions. By this model, one would predict In the stage 10 embryo, the expression pattern of Pitx2 seems to be divided into two domains: an anterior that those hearts which become bilaterally symmetric after right-sided infection would have looped to the left domain that includes the heart tube and extends throughout the LPM, and a posterior domain that is adjacent to in the absence of endogenous, left-sided Pitx2. We tested this by misexpressing Pitx2 in embryos that had Activin Receptor IIB. This receptor has recently been suggested to be the receptor for Nodal (Oh and Li, 1997) . been exposed to anti-Shh antibody and were able to Since we have placed Pitx2 downstream of Nodal, it show that this gives rise to significantly more left-looped is predicted that Pitx2 would not be expressed in this hearts instead of bilaterally symmetric hearts. Not only mutant. Intriguingly, the predominant phenotype in the does this experiment imply that Pitx2 is involved in the Activin Receptor IIB mutant is a right isomerism (Oh and L-R morphogenesis of the heart, but it further supports Li, 1997) . Thus, bilateral Pitx2 results in a bilateral left the view that bilaterally symmetric hearts obtained in phenotype, and (presumed) bilateral absence of Pitx2 Pitx2 infections were true isomers, as opposed to malresults in a bilateral right phenotype. formed hearts.
Our data suggest that during the normal development The L-R-specific morphogenesis of the GI tract also of the heart tube, the induction of left-and right-specific appears to be regulated by Pitx2. Pitx2 is asymmetrically differences within the heart tube is sufficient to create expressed throughout the left side of the gut mesoderm morphological asymmetries that lead to heart looping. from the time the primitive linear gut tube forms through Thus, when we block all left-side asymmetric signals asymmetric morphogenesis. Misexpression of Pitx2 in with an antibody against Shh and then introduce Pitx2 the mesoderm on the right side of the developing gut on the right, the one-sided expression of Pitx2 is enough can alter the situs of the GI tract.
to yield leftward heart looping. However, under normal Pitx2 is expressed in the mesoderm on the left side circumstances, there appear to be additional influences of the developing embryonic GI tract from the earliest downstream of Shh that provide a strong force driving stages that the splanchnic mesoderm contacts the enheart looping. Although ectopic Shh introduced to the doderm. It is not known at what stage L-R asymmetry right side induces bilateral Pitx2, the resulting heart of the gut is patterned, but the normal situs of the gut tubes do not remain in the midline like the isomeric structures can be seen by 4 days of incubation in chick hearts produced in Nodal and Pitx2 infections, but rather embryos, which is prior to regionalized patterning of the they loop in a random direction. Although this unknown endoderm by mesodermally derived signals (Ishizuayaheart loop-promoting influence is downstream of Shh Oka, 1983). This suggests that this L-R patterning event and hence likely to be localized on the left, its activity occurs earlier than the subsequent mesodermally deneed not be directional; it could rather act to promote fined A-P patterning events. It is interesting to note that cellular properties such as proliferation, motility, or conShh appears to be a key signal in both A-P and L-R traction to destabilize the linear heart tube and predisaspects of gut patterning in the chick. Shh acts early in pose it toward looping. the L-R signaling cascade (Levin et al., 1995; Pagan- Pitx2 also affects the situs of the gut and of body Westphal and Tabin, 1998), upstream of Pitx2 in the mesorotation. In these, however, we did not observe isomeric derm, leading to determination of the situs of the gut; phenotypes but rather saw L-R reversals. This may imply Shh also acts later as an endodermal signal to the mesothat the initiating event in gut coiling and in body rotation derm during A-P patterning of the gut (Roberts et al., is not dependent on any additional pathways down-1995; Apelqvist et al., 1997) . A role for Pitx2 in the morstream of Shh in addition to Nodal and Pitx2. phogenesis of the heart and gut has been independently The cellular basis of heart looping, gut coiling, and shown during Xenopus development (Campione et al., body rotation is not currently known. However, the 1998).
speed with which these morphogenic processes occur suggests that they are likely driven by rapid changes in cell shape, driven by contractive forces generated by Pitx2 and Morphogenesis the cytoskeleton. In this regard, it is worth noting that, While enormous progress has been made in the last in addition to expression in tissues undergoing these decade in understanding the positional cues that are asymmetric rotations, Pitx2 is also expressed in the essential for embryonic pattern formation, how they are myoblasts, which also prominently express contractile translated into proper organogenesis remains largely
proteins. An interesting possibility, therefore, is that mysterious. The identification of Pitx2 as a transcription genes encoding components of the cellular contractile factor that apparently acts in an autonomous manner system might be direct targets of the Pitx2 transcription to regulate heart looping morphogenesis provides a link factor. between the earlier patterning signals and the cellular A fundamental conclusion from this study is that the changes that drive morphogenesis.
same response gene, Pitx2, is activated in a variety of In the heart, the role of Pitx2 seems to be, at some organ precursors by the left-side-specific TGF␤ signals. An important question is how this common transcription level, to provide half the heart tube with a distinct "left" factor leads to distinct responses in the context of the identity. We have interpreted the predominant phenodifferent organs. The ability to manipulate expression, type resulting from bilateral Pitx2 expression as a leftboth in vitro and in vivo, will allow the cellular mechaleft isomerism, suggesting that Pitx2 is sufficient for nisms underlying the morphogenesis of the heart, gut, "leftness" and that "rightness" might be the default and body rotation to be explored more directly in the state. Consistent with this interpretation, mice carrying future. a mutation in the gene Lefty-1, which expresses Pitx2 on both sides, have hearts with morphological features
Experimental Procedures
of left-left isomerisms (Meno, et al., 1998) . Further evidence favoring this model of Pitx2 as a factor specifying Cloning of Pitx2 leftness, comes from the analysis of the heart phenotype To isolate chick homologs of the Pitx2 gene we screened an oligo dT-primed chick limb (stages 18-24) library using conventional in mice carrying a homozygous targeted deletion in the methods with a mouse probe generated by PCR. Based on the embryos were discarded from the analysis prior to heart fusion stages, in both experimental and control groups. After these were sequence of mPtx1/P-OTX (Lamonerie et al., 1996; Szeto et al., 1996) we designed primers OTHinf: CCAGCGAATCGTCCGACGCT eliminated, no difference was observed between embryos implanted with the anti-Flag beads and those where beads were not introand OTXho: CAAGGCTCGAGTTGCACGTG. A 720 bp fragment PCR fragment (nucleotides 167-887) was generated using the One-Step duced. RT-PCR kit (Life Technologies) following the manufacturer's instructions. Total RNA, extracted from a single E14.5-15 mouse head, was
Whole-Mount and Section In Situ Hybridization used as template. PCR conditions were 55ЊC, 30 min; 94ЊC, 2 min Embryos were fixed in 4% paraformaldehyde and processed as for the first strand synthesis, followed immediately by PCR amplifidescribed in Levin et al. (1995) . The probe for cPitx2 was prepared cation, 94ЊC, 15 s; 55ЊC, 30 s; 72ЊC, 90 s; 40 cycles, 72ЊC, 5 min. A by digesting the template DNA(OT19) with PstI and transcribing with single band of the correct size was cloned into the pGEM T vector T7 RNA polymerase. The probe templates for cSnR1, cNodal, and (Promega) following the manufacturer's instructions. Sequencing RCAS (RCS) have been described previously (Morgan and Fekete, confirmed 
